John D. Ramshaw ep T~~fphysi cs, The University of Utah,~alt Lake City, Utah 84112 (Received 27 December 1971) In this paper we derive a general expression describing the evolution of the transverse nuclear-spin magnetization for the Ostroff -Waugh multiple-spin-echo experiment in dipolar solids. Our approach consists of expressing the formula for the magnetization at even echoes in a form resembling an ordinary time-correlation function, and then evaluating this quantity by means of Zwanzig's projection-operator technique. For long times, we show that under certain conditions the echo envelope decays exponentially, in agreement with experiment. A general expression is obtained for the time constant T* associated with the decay. This result may be used to generate an expansion of 1/T* in powers of the cycle time t~, but there are experimental indications that this expansion is not legitimate and that more complicated t~d ependences can arise. In the case when higher-order correlations decay much more rapidly than lower-order ones, our result reduces to 1/T*=A t~4v~ (t,) , where A is a quantity related to the sixth moment of the magnetization and v~(t~) is a characteristic correlation time associated with decay of the lowest-order correlation function which enters the problem. The t, . dependence of T* is then determined by the behavior of v, (t~) , and is in general more cornplex than the proportionality between 1/T~and ts found previously. This previous result emerges in the case when v~0 (t,) =tc. Available experimental results suggest that 1/T* is in general a nonanalytic function of t"as indicated by the observed proportionality between 1/T* and t, for Teflon and KAsF6. Further experimental results are needed to clarify the nature of this nonanalytic behavior.
I. ImRODUnION
It was reported'~that a periodic train of 90' rf pulses can greatly prolong the decay of transverse nuclear spin magnetization in dipolar solids. The effect is observed as a train of multiple spin echoes analogous to (but quite different in character from) the familiar "classical" spin echoes first observed by Hahn. A detailed analysis of this effect, including the dependence of the decay time T* for the echo envelope upon the pulse spacing, was given by Waugh and Wang. The pulse sequence which gives rise to the effect may be represented symbolically as P", r, P", (2r, P,)", where.
P"(n =x, y) denotes a 90' pulse along the n axis of a reference frame rotating at the Larmor frequency &uo (=yHO). The first pulse P"serves merely to establish a suitable initial condition for the remainder of the sequence. This pulse is followed, after a time r, by a train of n P"pulses (n -10s) spaced apart by a time 2v.
The free induction decay following a single P" 
where n, , ...(r) = exp[-i~(P,P, K", r, 'P, ')] . .
Things become simpler if we now restrict attention to cycles such that n(7) =exp(-iK",r) .
P"P",~~~P2P~f(I) =e'~f (I),
In Eq. (4) we have adopted the convention of writing X", in units of angular frequency, which is equivalent to setting 5= 1. This convention will be observed throughout the remainder of this paper. But instead of observing the free induction decay, we apply another pulse P& at a time 7 = 7p We then let the system evolve freely for a time 7&, and then apply another pulse P2. We continue in this manner until a sequence of N pulses lP,P2 P~}I has been applied, the spacing between successive pulses P& and P&,& being denoted by v&. At a timẽ "after the pulse P& the density operator has become L(t.)=n(~)n (~g ) . n, g, ..., (~0)~ (14) where Q is some real number and f(I) is any function of spin variables. Equation (13) is clearly sufficient to guarantee that Eq. (7) is satisfied; it is also necessary if Eq. (7) is to be satisfied for arbitrary X""since any operator which commutes with every other operator must be proportional to the unit operator. Now if Eq. (13) is satisfied, then the pulse operators (P"P". j P,P,) in Eq. (11) 
where the one-cycle propagator L(t,) is given by L(t,) =n(~")P"n(. ". ,)~~~P, n(~, ) .
The y component (in the rotating frame) of the transverse magnetization at the end of the nth pulse cycle is then proportional to (I,(nt, ) 
(I-s') i&(t.) Ii(t')], (23) where the fact that (1 -6 ) I,(0) = 0 has been used to eliminate a term which would otherwise appear. (23) is zero. If we now multiply both sides of Eq. (23) by I"and take the trace, we obtain t dt (I ) (I"Z(t,) 0 xexp[(t -t') (1 -6') gg(t, )]g(t, ) I, ) G(t'), (24) which is an exact integro-differential equation for G(t) The other part of I,(t) (i. e. , the irrelevant component) will be called I,(t), so that I,(t) =a I,(t)+(1 -a )I,(t) =I,(t)+I,(t) . (22) As shown by Zwanzig, the above equations imply in a straightforward manner that I, (t) 1. SPecialization io the P"r, P, , (2r, P,)" pulse cycle. The one-cycle propagator corresponding to the Ostroff-Waugh pulse sequence is'
where t, =47, 3C~=P"3C"P, ', and 3C~is the truncated dipolar Hamiltonian appropriate to solids:
and. we obtain for short times and small 7, from Eq. (30),
In terms of the brace notation of Waugh and Wang, ' this equation becomes
Substituting Eq. (32) into Eq. (29), solving for G(i) to lowest order in t, and setting t = nt, = 4n~, we obtain (I"(ni,) ) = (I, (4n7') ) = (1+ z n r Ls+~~II,
which is identical to Eq. (41) of Waugh and Wang. "
Behavior at long times. We now wish to examine the implications of our basic equations (29) 
If a is set equal to unity, we obtain the earlier result of Waugh 
